Cottam JCH. Identifying the functional role of Martinotti cells in cortical sensory processing.
Interneurons in the neocortex vary in their morphology, electrophysiological characteristics, and the molecules they express. Many different combinations of these characteristics are observed and thus it has proved difficult to definitively classify these cells into different groups (Markram et al. 2004; Parra et al. 1998) . Function may be an important criterion for classification. If two given interneurons have the same function in a local circuit but differences in morphology or biochemistry, those differences may be down to idiosyncrasies in their location or developmental environment that may not be crucial for understanding how the circuit works.
The study by Murayama et al. (2009) demonstrates a function for Martinotti cells, but how near have we come previously to demonstrating a specific functional role for individual interneuronal subtypes? Recordings from different interneuron subtypes have been shown to be well correlated with particular aspects of the ongoing oscillatory activity or sensory processing (Hirsch et al. 2003; Klausberger et al. 2003) . Studies of this sort suggest intriguing possibilities for the roles of interneurons in local circuits, although further exploration is needed to show that interneurons are necessary or sufficient for these phenomena. Ideally this would require the control of firing of a particular set of interneurons in the intact animal, while the animal is presented with stimuli. This ideal has so far proved unattainable, but there have been many pharmacological experiments using agonists and antagonists to change the level of inhibition in circuits. However, these experiments have suffered from the problem of nonspecificity. The pharmacological agents act to affect the synapses formed by all interneurons and do not allow the targeting of a particular subset.
The study by Murayama et al. (2009) capitalized on an invasive but effective in vivo imaging technique they developed, to image the apical dendrites of populations of layer 5 pyramidal cells (PCs) (Murayama et al. 2007 ). They exploited the anatomical idiosyncrasies of deep Martinotti interneurons to avoid many of the specificity problems encountered in earlier experiments. The ovoid somata of Martinotti cells reside in all cortical layers except layer 1 and have axons that project upward into layer 1. The axons of Martinotti cells have been shown to make functional GABAergic synapses onto layer 5 PC dendrites (Kapfer et al. 2007; Silberberg and Markram 2007) . Manipulating the activity of components within this microcircuit allowed them to discover a novel sensory coding mechanism based on the interaction between this particular interneuronal type and the active dendrites of layer 5 PCs.
The calcium imaging technique exploits the unique anatomy of layer 5 PCs. An AM-ester form of calcium-sensitive dye is injected locally into layer 5 and is taken up by all cell types there. However, only layer 5 PCs project dendrites upward to the superficial layers of the cortex. Therefore by imaging the superficial cortical layers, the only detectable signal will correspond to calcium elevations in apical dendrites of layer 5 PCs (Murayama et al. 2007 ). To image the distal apical dendrites, the group developed an imaging system they dubbed the "periscope," consisting of a fiber-optic cable with a lens followed by a right-angled prism, which reflects the light into the superficial cortical layers parallel to the cortical surface (Fig. 1A ). This is a one-photon imaging system, making it relatively cheap and allowing wide-field imaging from populations of neurons.
The experiments in this study were carried out in the primary somatosensory cortex of urethane-anesthetized and awake rats. Single, short (0.1-ms) electrical stimuli evoked increasing calcium signals in PC dendrites as the stimulus amplitude increased from 5 to 200 V. This gradual increase in the calcium signal was confirmed in the awake animal. Applying gabazine, an antagonist of the ␥-aminobutyric acid type A receptor, increased the amplitude of the response fivefold and converted the sigmoidal response curve to a more all-or-none phenomenon ( Fig. 1, A and B) . The rest of the study aimed to dissect the mechanism behind this inhibitory modulation and investigate its role in the processing of sensory information.
The authors needed to ensure that the apical dendrite calcium signal was not being produced, or contributed to, by back-propagating action potentials from the PC somata in layer 5. They therefore injected a Na ϩ channel blocker, tetrodotoxin (TTX), into layer 5. Surprisingly, this produced a threefold increase in the calcium. This increase was surprising because, by removing the back-propagating action potential as a possible source of calcium influx, one would expect a lower calcium signal. This led them to hypothesize that the cell bodies of the inhibitory cells responsible for the inhibition of the apical tuft, as observed in the gabazine experiment, were located in layer 5. Thus when TTX was injected into layer 5, these inhibitory cells could no longer inhibit the dendritic activity in layer 5 PCs, leading to a larger calcium response (Fig. 1, A and B) .
Deep Martinotti cells with axons reaching layer 1 therefore provided the missing link explaining the modulation of the dendritic calcium signal seen in vivo by Murayama and colleagues. An element of the microcircuit revealed by the previous in vitro data was that single neighboring PCs could drive the Martinotti cells to fire (Kapfer et al. 2007; Silberberg and Markram 2007) . Murayama et al. investigated this connection in vivo by injecting CNQX into layer 5 to block ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors and therefore prevent local excitatory synaptic transmission. This led to an increase in the dendritic tuft calcium signal, presumably because the Martinotti cells no longer were excited by the PCs and thus did not inhibit the calcium signals in the apical tuft (Fig. 1, A and B) .
The authors then carried out a set of in vitro slice experiments to confirm several aspects of the mechanism. Their most important finding was that Martinotti cells have the capacity to block dendritic calcium spikes. They demonstrated this by recording from pairs of PCs coupled by a Martinotti inhibitory feedback loop. They showed that dendritic spikes in one of the PCs were blocked when the other PC was driven to spike sufficiently, recruiting the Martinotti cell and providing inhibition to the dendrites.
The slice experiments were carried out on single cells, each of which had a clear calcium spike threshold. However, for the in vivo experiments a population of PC dendrites were imaged where no clear calcium signal threshold was seen. To resolve this apparent paradox, a mathematical model was designed with a distribution of calcium spike thresholds across the dendritic population that produced the same steep, quickly saturating the calcium response profile as observed when dendritic inhibition was removed. The model was then also able to reproduce the other pharmacological experiments. The authors concluded that the inhibitory modulation allows the PC dendrites as a population to be sensitive to somatosensory input over the whole of the physiologically relevant range. When Martinotti inhibition is removed the steepness of the pyramidal population response to sensory input increases dramatically, leading to rapid saturation and the inability to produce activity patterns that distinguish between different stimulus intensities.
The in vivo pharmacology used in this study was not specific to the cells the authors sought to manipulate. First, each of the pharmacological agents used is specific to a particular class of receptors or ion channels and so will also have affected neurons outside the Martinotti inhibitory circuit. Second, the spread of the pharmacological agents was relatively ill defined and so they could potentially have acted outside the area intended. These problems were avoided in this study due to the unusual morphological arrangement of Martinotti cells. All of the layer 5 pharmacological manipulations had the opposite effect to what would have been naively expected without postulating a source of inhibition arising from the deep cortical layers. This elegant twist meant that the authors could disregard the nonspecific effect of drugs on the lower layers. The The imaging periscope was inserted into the top 3 layers of cortex. The region from which the calcium signal was collected is shown schematically. Colored crosses identify the pharmacological sites of action for gabazine (red), TTX (yellow), and CNQX (blue). B, top: a schematic of the calcium signal from the periscope in response to a sensory stimulation showing the biphasic response. The first component is identified; its highest point became a value of peak calcium signal. Middle: topically applied gabazine increased the amplitude and slope of the peak calcium response curve across different stimulus intensities; control (black) and gabazine (red). Bottom: pharmacological agents injected into layer 5. Left: TTX increased the amplitude and slope of the peak calcium response curve across different stimulus intensities; control (black) and TTX (yellow). Right: CNQX was similar but with lower increase in curve slope and amplitude; control (black) and CNQX (blue).
lack of specificity makes interpreting the intriguing biphasic response pattern more difficult, however, because over time many neurons in the circuit become recruited and these neurons may or may not also be influenced by the pharmacological manipulation. The authors dealt with this by concentrating solely on the initial component of the response (Fig. 1B) . The spread of pharmacological agents such as TTX did not affect their ability to make conclusions. If TTX entered layer 4, for example, the main input layer of the somatosensory cortex would be affected, thus reducing the dendritic calcium response, whereas an increase in response was shown.
For investigating the roles of other interneuronal types, which reside entirely in a single layer, it is much more difficult to make specific pharmacological manipulations. This could be addressed in future studies by using the array of optogenetic tools, such as channelrhodopsin and halorhodopsin, that allow the experimenter to control the spiking patterns of genetically defined neurons using light (Zhang et al. 2007 ). It is not trivial to target these light-activated proteins to specific interneuron types, but there is an expanding arsenal of genetic approaches that will surely make this possible in the future (Luo et al. 2008) .
The experiments done by Murayama et al. show that PC dendritic activity serves as a "representation of sensory stimuli," although it is not yet clear how this dendritic activity relates to action potential firing at the soma. It will be interesting in the future to test whether the action potential output from layer 5 also follows the gradual increase with stimulus intensity that is seen in the dendrites. In vitro experiments suggest a link between calcium electrogenesis in the apical dendritic tree and action potentials produced at the soma (Larkum et al. 2004 ), but it is preferable to be able to monitor both simultaneously during the same experiment in vivo.
The experiments by Murayama and colleagues suggest that the representation of a stimulus parameter such as stimulus strength is under tight control by Martinotti cells. The authors did not test any other parameters nor did they explore more natural stimuli. However, since the same circuitry is known to exist in all primary sensory areas, the implication is that this is a general coding strategy that will be involved in many stimulus conditions and modalities. Experiments in the awake and even freely moving animal will be necessary to precisely define the link between Martinotti cells and the functional control of cortical networks.
In conclusion this study provides some of the best evidence yet for a specific functional role of a morphologically and physiologically identified population of interneurons in cortical sensory processing. There remain many other types of interneurons, likely to have differing roles in cortical circuits, that provide a rich substrate for future studies.
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